A procedure for the calibration of sensors used for the measurement of surface temperature in dimensional metrology is developed. It consists of the utilization of a climate chamber, with an aluminium block inside, to house reference and calibrating sensors. The temperature of the sensors is controlled by the climate chamber and uncertainties are reduced due to the utilization of the aluminium block. The method is demonstrated by comparing the results obtained with those of a water bath calibration.
Introduction
Sensors for the measurement of surface temperature are widely used in applications, which include the aerospace and automotive industry (i.e. materials testing) and dimensional metrology laboratories (i.e. 1D and 3D measurement machines) [1] [2] [3] . Such sensors usually consist of a resistance sensor (PT-100 or thermistor) or thermocouple sensor based on the Seebeck effect (type J, K). The sensor is fixed to the surface of the sample whose temperature is of interest. The fixation is achieved by using a magnet on ferromagnetic materials or a special adhesive tape on non-ferromagnetic ones. In addition, thermal grease is usually used to improve the thermal conductivity between the sample and the sensor. The selection criterion of the sensor depends on the application field; thermocouples are usually selected for fast tests and resistance PT-100 sensors for accuracy tests. Typically, the dimensions of thermocouples are smaller than those of resistance sensors, which implies lower thermal inertia. On the other hand, tolerances in typical resistance sensors [4] are higher than in thermocouples [5] and this makes them more appropriate for accurate measurements.
In this work, we will focus on the calibration of surface temperature sensors for dimensional metrology applications, where temperature conditions are particularly important [6] [7] [8] [9] [10] . Typical examples are the calibrations performed with 1 Author to whom any correspondence should be addressed. a 3D measurement machine. Here, the sample may wait for 24 h before the calibration to reach room temperature (typically 293.15 K ± 1 K). Then, a temperature sensor is placed on the surface of the sample and another one on the scale of the machine. Under these conditions, temperature differences between sample and scale, and their contribution to the uncertainty of the measurement, are controlled.
There are two typical methods for the calibration of surface temperature sensors used in dimensional metrology.
The first method consists of placing both the sensor for calibration and the reference sensor on the surface of a metallic block at room temperature and comparing their temperatures. This procedure has the disadvantage that the uncertainty contribution due to the stability of the room temperature and its uniformity is high (typically ±1 K) and increases the final value of uncertainty. Another problem is that the calibration can only be performed at one point (i.e. 293.15 K) and it is not very useful.
The second method is based on the calibration of surface temperature sensors using a calibration bath. Here, the improvements are significant, since contributions to the uncertainty are smaller due to the better temperature uniformity and stability. In addition, there is a wide range of temperatures where the calibration can be made.
The aim of this work is to show an alternative procedure for the calibration of surface temperature sensors. The technique is based on placing a metallic block with the temperature sensors (reference and calibrating) into a climate chamber to control the temperature during the calibration. Results obtained are compared with those where calibration baths are used and the capability of the new technique is demonstrated.
Experimental
An ARALAB FITOCLIMA EDTU climate chamber is used for the calibration. This model has a volume of 300 L. It is made of stainless steel with an isolation of stone wool. Its temperature range is from 223.15 K to 453.15 K. The uniformity and stability contributions to the uncertainty of the chamber are, respectively, 0.173 K and 0.030 K, between 283.15 K and 303.15 K (the working range in this work). These measurements are obtained using an ASL F-250 thermometer with five PT-100 sensors placed in the chamber. Four sensors are situated at four randomly chosen corners of an imaginary cube. The fifth sensor is situated in the centre of the cube. Uniformity is calculated from the difference between the highest and lowest values among the sensors and the stability is calculated from the difference between the highest and lowest values for each sensor. These parameters are obtained during a period of 30 min of measurement. The good value of uniformity is achieved due to the presence of the chamber fan. The equipment can also control the relative humidity between 10% and 98% with an uncertainty contribution lower than 2%. This value was obtained using a MBW-DP30 hygrometer.
The metallic block used here is made of aluminium because of its high thermal conductivity. In addition, a ferromagnetic slice is fixed to the top surface of the block, since the surface temperature sensors have a magnetic means of fixation. Four holes are drilled in the block to insert PT-100 reference sensors of thermometer ASL F-250. The resolution of the thermometer is 0.001 K. Dimensions of the block are 100 × 100 × 50 mm 3 and the holes are 60 mm in depth and 6 mm in diameter. There is only a 4 mm distance between the top surface of the block and the centre of the holes for the reference sensors.
Three thermistors and one PT-100 sensor are selected to be calibrated in this experiment. These sensors are usually used in our laboratory to check the temperature of our 3D measurement machine Zeiss UMM-550. Figures 1 and 2 show a plan and a photograph of the experiment assembly. The resolution of the sensors is 0.01 K in the case of the thermistors and 0.001 K in the case of the PT-100 sensor.
These sensors are also calibrated using an ASL water calibration bath and the same reference thermometer ASL F-250 with PT-100 sensors. Thus, a comparison between water bath calibration and climate chamber calibration can be performed. The temperature range of the water bath is from 278.15 K to 368.15 K and its uniformity and stability contributions to uncertainty are, respectively, 0.0058 K and 0.0029 K, between 283.15 K and 303.15 K (see uncertainty components below).
Results and discussion
Calibrations were performed at 283.15 K, 293.15 K and 303.15 K for both procedures and relative humidity conditions are always kept at 50% in the climate chamber. The correction Table 1 . Calibration of surface temperature sensors using the climate chamber and using a water bath. T N is the nominal temperature, Corr. the correction of the calibrating sensors and U the expanded uncertainty with k = 2.
PT-100 Thermistor 1 Thermistor 2 Thermistor 3 Table 2 . Uncertainty contributions u in the surface temperature calibration using the climate chamber and using a water bath. Pt is the PT-100, Th1 thermistor 1, Th2 thermistor 2 and Th3 thermistor 3. One of the main results of the procedure described here is that the uncertainty values of table 2 are, in some cases, seen to be similar for the climate chamber with an aluminium block and for the water bath. Typically, measurements in air (climate chamber) have a worse uniformity and stability than measurements in liquid (calibration baths). The chamber used in this work has an uncertainty contribution of 0.173 K in uniformity and 0.030 K in stability, whereas the water bath has 0.0058 K and 0.0029 K, respectively. Nevertheless, the use of an aluminium block for the measurements improves the typical behaviour of the chamber, and values of 0.0092 K and 0.0023 K are obtained for uniformity and stability, which are very close to those of the water bath.
Looking closer at the results, the compatibility index CI is calculated between the two procedures of calibration: On the other hand, this procedure improves those based on calibration baths, since it exactly reproduces the working conditions of the surface temperature sensor in the dimensional metrology laboratory. Thus, either effect that could appear in the common use of the sensor will be reproduced here. For example a bad contact between the sensor and the surface will be observed here and not in a water bath calibration. Other advantages include the absence of protection for the sensors with a plastic glove when they are submerged in water or the consequences of their large size when introduced into the small calibration bath cavity. Finally, it must be noted that, although the price of the climate chamber is higher than the price of the water bath, the climate chamber can be used for a variety of purposes.
Conclusion
In this work, a new procedure for the calibration of surface temperature sensors used in dimensional metrology is shown. It is compatible with the calibration in water baths and the improvements come from the fact that the working conditions of a dimensional laboratory are better reproduced and the handling of the sensors is easier.
